The daily light-dark (LD) cycle exerts a powerful influence on the temporal organization of behavior and physiology. Much of this influence is preserved in behaviorally blind retinally degenerate mice; the photoreceptors underlying this nonvisual phototransduction are unknown. The mammalian eye contains at least two classes of photoactive pigments, the vitamin A-based opsins and the vitamin B2-based cryptochromes. To genetically define the roles of these pigments in light modulation of behavior, we generated rd͞rd;mCry1 ؊ ͞mCry1 ؊ ;mCry2 ؊ ͞mCry2 ؊ mutant mice lacking rods and most cones as well as both cryptochrome proteins. The response of the mutant mouse to photic input was analyzed at both behavioral and molecular levels. Behaviorally, mice lacking either classical photoreceptors or cryptochromes exhibited strongly rhythmic locomotor responses to 10 and 100 lux daily LD 12 h͞12-h cycles; however, triple mutant mice carrying both cryptochrome and retinal degenerate mutations were nearly arrhythmic under both LD cycles and in constant darkness. At the molecular level, the light induction of c-fos transcription in the suprachiasmatic nucleus was markedly reduced in the triple mutant mouse compared with either rd͞rd or cryptochrome mutant mice. These data indicate that classical opsins and cryptochromes serve functionally redundant roles in the transduction of light information to behavioral modulation and suggest a pleomorphic role for cryptochromes in both photoreception and central clock mechanism.
L
ight exerts a powerful influence on the organization of behavior in most eukaryotes. The precise effect of light's influence on behavior is genetically determined, rendering some species diurnal and others nocturnal. Two mechanisms exist in mammals that produce light-dependent behavioral modification. When kept in total darkness, mammals maintain circadian rhythms of behavior that are nearly, but not exactly, 24 h long. The circadian oscillator is located in the suprachiasmatic nuclei (SCN) of the ventral hypothalamus. Light received by the eyes synchronizes the oscillator through the retinohypothalamic tract and hence synchronizes the behavior of the organism with the daily 24-h light-dark (LD) cycle. In addition to light entrainment of circadian rhythms, light also directly suppresses the activity of nocturnal animals, a phenomenon called masking (1) . Light masking of behavior does not depend on the circadian clock, as it is preserved in SCN-lesioned animals (2, 3) . Although in many animals there is more than one organ for circadian photoreception (4), it is commonly believed that the eyes are the sole photosensory organs for vision, circadian entrainment, and masking in mammals (5, 6) . Remarkably, both light entrainment of the circadian clock (7) (8) (9) (10) (11) and light masking of behavior (12) (13) (14) (15) (16) are largely preserved in retinal degenerate (rd͞rd) mice. The murine rd mutation causes total loss of rods and massive loss of cones, rendering the animals visually and electrophysiologically blind by 3 months of age (12, 13) . Thus the visual photoreceptive proteins rhodopsin and cone opsins (conventional or classic opsins) that are located in the outer retina (19, 20) are not necessary for circadian photoreception or behavioral masking. The inner retina or another ocular structure must contain one or more photopigments that entrain the circadian clock and mediate masking (12) (13) (14) (15) (16) (17) (18) .
The inner retina of mice contains the candidate blue-light photoreceptors cryptochromes 1 and 2 (21) . Cryptochromes are flavoproteins (22) (23) (24) , which are evolutionarily related to the light-activated repair enzyme photolyase and one class of plant blue-light photoreceptors (25) (26) (27) (28) (29) (30) . On the basis of evolutionary considerations and the histological expression pattern of mCry1 and mCry2 genes in the mouse retina, it was proposed that cryptochromes function as circadian photoreceptors in animals (21) . Recent studies have demonstrated that in Drosophila, cryptochrome is a primary circadian photoreceptor (31) (32) (33) (34) . However, in mammals, genetic (35) (36) (37) (38) and in vivo biochemical (39, 40) studies have suggested that cryptochromes are intrinsic components of the circadian molecular oscillatory mechanism. Because mice lacking both cryptochromes are arrhythmic in constant darkness (DD), a pleomorphic role for the cryptochromes as a circadian photoreceptor cannot be evaluated, because a circadian clock cannot be detected in these animals. However, mCry1 Ϫ ͞mCry1 Ϫ ;mCry2 Ϫ ͞mCry2 Ϫ mice do synchronize their locomotor activity and rest periods with the dark-light phases of the day (36, 38) , suggesting that the cryptochromes are not necessary for behavioral masking. Expression of the central clock component mPer2 in the SCN oscillates under LD cycles in mice lacking both cryptochromes, and its expression is inducible by an acute light pulse at night (37, 38) , providing further evidence that a phototransducive pathway persists in the absence of cryptochromes.
Two hypotheses may be invoked to account for the persistence of light modulation of behavior in the absence of either classical opsins or cryptochromes. It has been suggested that in mammals an opsin-based pigment other than rhodopsin or the classical color opsins is the circadian photoreceptor (41, 42) . A novel opsin, melanopsin, which was recently discovered in the inner retina of mammals, has been proposed as a likely candidate (43); however, no mutants of melanopsin have yet been identified or generated to test this hypothesis. An alternative hypothesis is that, whereas neither the classical opsins nor cryptochromes are necessary for light modulation of behavior, either is sufficient. The cryptochromes and the visual pathway would thus be functionally redundant. To test this latter hypothesis, we generated a mouse lacking both cryptochromes and virtually all classical opsins and tested its photoresponses at both the molecular and behavioral levels. and control wild-type mice. Genotypes were determined by PCR analysis as described previously for rd (44) , Cry1 (38) , and Cry2 (35) .
Materials and Methods
Histology of Mouse Eyes. Eyes were fixed for 24-48 h in buffered formalin and embedded in paraffin. Six-micrometer sections were cut and stained with hematoxylin and eosin.
Behavioral Analysis. All mice were between 12 and 26 weeks old at the initiation of the experiment. Mice were housed singly in cages equipped with a running wheel monitored by a continuous computer sampling of magnetic switches on each wheel. Actograms were double plotted. For days 1-13 of the recording, mice were exposed to a LD 12 h͞12 h light cycle of 10 lux at cage level of broad-spectrum fluorescent lighting, with lights on at 0600 and lights off at 1800. From day 14-20, the lighting intensity was increased to 100 lux at cage level. From day 21-26, animals were kept in total darkness. Periodograms were calculated for the entire LD 12 h͞12-h lighting conditions as described (35) .
Immediate Early Gene Induction. Animals on an LD 12 h͞12 h schedule were exposed to broad-spectrum fluorescent light at a rate of 43. S-labeled probe was prepared by in vitro transcription with T7 RNA polymerase (Promega), by using the c-fos fragment contained in pBluescript SKϩ. Fixation and hybridization of the slides and autoradiography were performed as described (21) . A Leica M420 microscope was density-calibrated with a Kodak Control Scale T-14 and was used to capture SCN images with an Optronics DE 1750 camera. Quantitation was performed with SCION IMAGE 3.0A (Scion Corp. version of NIH IMAGE). The background signal in brain was subtracted for each SCN section. In addition, dark controls for basal levels of c-fos were also quantitated and averaged for each genotype (n ϭ 2-3), and these basal levels, which were 1-4% of the induced wild-type level with no significant genotype differences, were subtracted from the induced values to obtain the induced c-fos values, which were then expressed relative to the wild-type value set at 100%.
Results
Triple Mutant Mice. The triple mutant mouse rd͞rd; mCry1
Ϫ was obtained by crossing the C3H͞HeJ strain, which is homozygous (rd͞rd) for a nonsense mutation in the ␤ subunit of the rod-specific cGMP phosphodiesterase (44) with mCry1 Ϫ ͞mCry1 (38) . The progeny from this cross were genotyped by PCR, by using primers for the wild-type and mutant forms of all three loci. Fig. 1 shows the result of a representative PCR analysis of a wild-type animal and an animal carrying all three mutations obtained from this cross.
The rd mutation leads to the accumulation of cGMP in rods and eventual cell death of rod photoreceptors as a consequence (44, 45) . This cell death is followed by secondary degenerative changes in the outer retina and the loss of cones at a slower rate, such that by the age of 100 days essentially the entire outer retina is destroyed. In analyzing the photoresponses of mCry1 Ϫ ͞mCry1
and the triple mutant, we were concerned about a similar secondary effect of elevated gene products of genes regulated by the cryptochromes in the inner retina on the integrity of the inner retina. Therefore, we analyzed the retina of the mutants histologically. Fig. 2 shows that the retina of a 120-day-old
Ϫ mouse is histologically indistinguishable from a wild-type retina. Similarly, the retina of the triple mutant is indistinguishable from that of an age-matched rd mouse in which essentially the entire outer retina is destroyed and the inner retina remains intact. Therefore, these animals were suitable for studying photoresponse reactions mediated by the inner retina and possibly by about 3% of cone photoreceptors, which reportedly survive the destruction of the outer retina in the rd͞rd mouse up to 550 days (46) . The photic responses of the triple mutant were analyzed at the behavioral and molecular levels.
Behavioral Analysis of Triple Mutant Mice. Wheel-running locomotor activity was measured as an indicator of behavioral photoresponse. Under 12 h light͞12 h dark (LD12:12) condition with 10 lux irradiance in the light phase, both the rd͞rd and
Ϫ mutants exhibited nocturnal behavior similar to that reported for wild-type animals (8, 12, 13, 17, 18) , whereas the triple mutant was arrhythmic (Fig. 3) . Perio- Fig. 1 . Genotyping of Cry1, Cry2, and rd alleles by PCR. Results are shown for a wild type and a triple mutant and were obtained by using PCR primers described previously (38, 44) . K, knockout; W, wild type. dogram analysis confirmed the presence of a strong circadian peak in both the rd͞rd and Cry1 Ϫ ͞Cry1
Ϫ mutants but did not reveal significant circadian rhythmicity in the triple mutant. Even though 10 lux is a relatively low irradiance, normal entrainment of the circadian clock is readily detected in C3H ϩ͞ϩ and C3H rd͞rd strains with irradiances as low as 1 lux (46), and the masking influence of light is also preserved in rd͞rd mice at 10 lux irradiance (17, 18) , suggesting that the triple mutant is largely defective in its behavioral photoresponse. Increasing the light intensity to 100 lux consolidated nocturnal activity in the rd͞rd and the cryptochrome-less mice but did not induce significantly rhythmic behavior in most triple mutant mice. Mice lacking both outer retina and cryptochromes therefore appear to be relatively insensitive to light modulation of activity. However, a weak predilection for nocturnal activity was still noted in the triple mutant under these light conditions. When the temporal distribution of total daily running activity was compared among genotypes, triple mutant mice accumulated nearly 40% of their total daily activity during the first 10 h of the light portion of LD12:12, compared with only 10% of activity during this same period seen with either the rd͞rd or mCry1 Ϫ ͞mCry1 (Fig. 3 D-F) . A completely behaviorally blind animal would be expected to have 50% of its activity in the light phase and 50% in the dark, whereas the triply mutant animals still showed more activity in the dark phase, demonstrating the persistence of some behavioral photoresponsiveness in these animals. This residual photoresponsiveness may be due to persistent color opsins in the small fraction of surviving cone cells (5, 22) , incomplete retinal degeneration, or the presence of another photoreceptor in the eye [i.e., melanopsin (43) ]. Under DD, the rd mice exhibit normal free-running rhythm, whereas cryptochrome mutant mice are arrhythmic, as reported previously (36) (37) (38) . Triple mutant mice are similarly arrhythmic in DD.
It is worth noting that most triple mutant mice were relatively hypoactive under all experimental conditions. We have no 
, and rd͞rd (C) mice. Lighting condition is summarized by the shaded bar to the right of the actogram. Gray represents 10-lux lighting, white represents 100 lux, and black represents total darkness. The significance line for periodograms is at P Ͻ 0.001. (D-F) Distribution of daily activity in LD12:12. Hourly fractions of accumulated daily wheel turns were calculated for rd͞rd; mCry1 Ϫ ͞mCry1 Ϫ ; mCry2 Ϫ ͞mCry2 Ϫ (diamonds), mCry1 Ϫ ͞mCry1 Ϫ ; mCry2 Ϫ ͞mCry2 Ϫ (squares), and rd͞rd (triangles) for all LD12:12 lighting conditions (D), 100 lux (E), and 10 lux (F). Data are represented as mean Ϯ standard error: rd͞rd; mCry1 Ϫ ͞mCry1 Ϫ ; mCry2 Ϫ ͞mCry2 Ϫ , n ϭ 5, total LD12:12 animal-recording days ϭ 54; mCry1 Ϫ ͞mCry1 Ϫ ; mCry2 Ϫ ͞mCry2 Ϫ , n ϭ 2, total LD12:12 animal-recording days ϭ 22; rd͞rd, n ϭ 2, total LD12:12 animal-recording days ϭ 26.
explanation for this finding. Such hypoactivity is seen after SCN lesioning of rodents (2), although one would then expect the mCry1 Ϫ ͞mCry1 Ϫ ;mCry2 Ϫ ͞mCry2 Ϫ mice also to be hypoactive in DD conditions, which was not observed. It is conceivable that the hypoactivity represents the long-term behavioral effects of chronic arrhythmicity compared with the temporary release of the cryptochrome mutant mice from ''driven'' rhythmicity.
Molecular Analysis of Photoresponse in Triple Mutant
Mice. The behavioral analysis suggested that neither classical opsins nor cryptochromes were necessary, and either was sufficient for light-mediated modulation of activity, but that the absence of both yielded animals behaviorally insensitive to light. To grossly localize where on the pathway from light to behavior the triple mutant was having its unique effect, we attempted to determine whether photic signal transduction from the retina to the SCN was impaired in the triple mutants. Although the photic induction of mPer genes in the SCN by acute light pulses is a good indicator of circadian photoresponse (47) (48) (49) , the basal levels of the Per1 and Per2 expressions in the SCN of the triple mutant, as in the mCry1 Ϫ ͞mCry1 (38) , are constitutively high (data not shown), precluding the use of circadian oscillation and acute light induction of these genes as a measure of circadian photoresponse.
To gauge photic input to the SCN, we measured instead light induction of the c-fos gene in the SCN. The c-fos gene is an immediate early gene highly induced in the SCN by acute light pulses in the dark phase of the circadian cycle (50, 51) . Its photoinduction is normal in rd mice (52, 53) . Although Fos protein is not necessary for light-induced phase shifting, the induction of c-fos transcription in the SCN serves as a robust marker of photic input to the circadian clock. Moreover, in contrast with the mPer genes, its basal level is not affected by the presence or absence of CRYs (see below).
We tested SCN c-fos induction by an acute light pulse in wild type, rd, the mCry1 Ϫ ͞mCry1
Ϫ mutant, and triple mutant mice (Fig. 4) . Under low irradiance (10 4 mol͞m 2 or less) c-fos induction was severely depressed in the double mutant and virtually indistinguishable from the uninduced background level in the triple mutant. Analysis of the dose-response data show that the double mutant needed a 10-to 20-fold and the triple mutant needed a 50-to 100-fold higher light dose than wild-type mice to achieve the same level of c-fos induction in the SCN. Even under the highest irradiance used, the c-fos induction was reduced to 55% in the double mutant (P Ͻ 0.0001) and to 18% in the triple mutant (P Ͻ 0.0001) of the wild-type level. Also at this irradiance, c-fos induction in the triple mutant was significantly weaker than induction in the double mutant (P Ͻ 0.001). Thus, it appears that even though in the absence of classic opsins photic induction of c-fos in the SCN is normal, the lack of cryptochromes seriously compromises its photoinducibility, and the reduced photosensitivity is further exacerbated when the , which is taken as 100%. The bars indicate standard deviations. The number of animals used for the three lower doses was n ϭ 3, and for the highest dose n ϭ 7-9. Statistical analyses by using a one-tailed paired t test showed that induction in the triple mutant was significantly different (P Ͻ 0.05) from wild type at all doses tested.
classic opsins are also missing. Curiously, at the lowest dose the rd animals are more sensitive to induction of fos than wild type, as seen previously with phase shifting in rdta mice (54) . Because photoinduction of c-fos in the SCN is gated by the circadian clock (50) (51) (52) (53) , meaning that it can occur only at a certain time in the circadian cycle (subjective dark period), we were concerned that the lack of fos induction in the triple mutant might have been caused by a gating phenomenon linked to a lack of true circadian rhythm in the double and triple mutants. Therefore, both cryptochrome-less triply mutant mice were examined for light induction of c-fos after 32 and 44 h of darkness. Both strains appeared to have lost circadian gating of c-fos, with no difference observed in induction between the two time points (data not shown).
Discussion
We have compared behavioral and gene expression effects of light in mice lacking classical photoreceptors (rd), cryptochromes mCry1 and mCry2, or both. We find that, whereas mice with either classical photoreceptors or cryptochromes are able to synchronize their behavior to an LD cycle, mice lacking both generally cannot. Furthermore, light retains the ability to induce the immediate early gene c-fos in the SCN of wild-type, rd, and cryptochrome mutant mice, but c-fos induction in triply mutant mice is markedly attenuated. Taken together, these results demonstrate that the cryptochromes and the classical photoreceptive pathway serve functionally redundant roles in allowing light modulation of activity; furthermore, the conjoint effects of mutations in both pathways appear to disrupt light signaling between the eye and the SCN. Two models may be invoked to explain these results. Most parsimoniously, the rd and cryptochrome mutations may affect separate, functionally redundant photoreceptive systems in the eye. Although cryptochromes were originally proposed to be circadian photoreceptors in mammals, recent research in Drosophila has provided the strongest evidence for such a role in any organism (31) (32) (33) , whereas tests for circadian photoreceptor functions in mice have been confounded by the intimate integration of the cryptochromes into the transcriptional feedback loop that generates the circadian rhythm (35) (36) (37) (38) (39) (40) . Hence, the data presented in this paper may be considered the strongest evidence to date for photoreceptor function of mammalian cryptochromes independent of their central clock function. Alternatively, it could be argued that the combined effects of elimination of the cryptochromes and the classical photoreceptive pathway may be due to the loss of the circadian clock in the cryptochrome mutant animals and loss of a masking influence of light in rd͞rd animals. However, such a model is at odds with data demonstrating that rd͞rd mice still have substantial behavioral masking responses (17, 18) . Because light masking of behavior persists in SCN-lesioned rodents (2), it is unlikely that loss of masking effects is due to loss of the circadian clock in cryptochrome mutant animals. At a minimum, this interpretation of these data suggests that cryptochromes are functioning in the behavioral light-masking pathway spared in the rd͞rd mouse.
Significant behavioral light responsiveness persists in triple mutant mice. Such residual photoresponsiveness has also been noted in Drosophila. Double mutants of norpA (visually blind) and cry b (Drosophila cryptochrome) still show residual photoresponsiveness (31) . Similarly, in Arabidopsis, a quadruple mutant of cryptochrome 1, cryptochrome 2, phytochrome A, and phytochrome B also showed residual photoreception (55) . In mammals, it is possible that additional inner retinal photoreceptive molecules [such as melanopsin (43) ] contribute substantially to light modulation of behavior. The existence of multiple photoreceptive molecules influencing behavior, where none is necessary and any sufficient for at least partial diurnal rhythmicity, implies that there is no single ''circadian photoreceptor'' molecule. More likely, the photoreceptor cells providing input to the suprachiasmatic nucleus (most likely a subset of retinal ganglion cells) contain multiple photoreceptive molecules and receive signals from cells with other photoreceptive molecules. The integrated effect of light on multiple photoreceptors would then be manifest as an action potential signal from the ganglion cell to the SCN. Different photoreceptors could have the predominant effect, depending on the wavelength and intensity of light; our data suggest that under dim, broad-spectrum light, both the visual photoreceptive pathway and the cryptochrome-mediated pathway have adequate sensitivity to produce behavioral synchronization to light. This model makes the strong prediction that at least some ganglion cells should be directly photoresponsive, which has recently been demonstrated for the rat (56) .
Implicating cryptochromes as retinal photoreceptors requires positing a pleomorphic role for these proteins. Our data suggest that cryptochromes function on a pre-SCN photoreceptive pathway in addition to their role in the central clock mechanism. However, the data have no bearing on whether the direct transcription regulatory function of mammalian cryptochromes is influenced by light. Circadian photoregulation of the master clock in the SCN is thought to be mediated by action potentials from the retinal ganglion cells through the retinohypothalamic tract of the optic nerve. The rapid response (within minutes) of the SCN to light stimulus of the retina suggests that clock resetting by short light pulses cannot be mediated through the light effect on transcription in the retina. The biochemical signal transduction pathway of cryptochrome function in mammals is unknown. Although the proteins do bind to mPERs in vitro and in heterologous systems, in vivo coimmunoprecipitation experiments have shown promiscuous binding activity (57) , including strong binding to mTIM, which is no longer thought to be the orthologue of Drosophila Tim and is likely not involved at all in circadian rhythmicity (58) . Nondirected two hybrid screens of human Cry2 have shown binding and inhibition of serine͞thre-onine phosphatase 5, which could have multiple signaling effects (59) . In support for an ion-gating modulatory function for cryptochromes, recent work indicates that, in plants, cryptochrome may regulate anion-channel activity (60) (61) . It is noteworthy that a pleomorphic mechanism of photoreception͞phototransduction has been proposed for phytochrome signaling in plants (62) (63) (64) , where a rapid light response by immediate change in membrane permeability is followed by a slower response mediated by the activation of transcription factors and other targets by binding to and phosphorylation by phytochromes.
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